A real-time PCR assay that uses two fluorescence resonance energy transfer probe sets and targets the tuf gene of staphylococci is described here. One probe set detects the Staphylococcus genus, whereas the other probe set is specific for Staphylococcus aureus. One hundred thirty-eight cultured isolates, which contained 41 isolates of staphylococci representing at least nine species, and 100 positive blood cultures that contained gram-positive cocci in clusters were tested. This assay was 100% sensitive and 100% specific for the detection of the Staphylococcus genus and of S. aureus.
The genus Staphylococcus currently consists of 38 species (14, 15) . Among staphylococci, Staphylococcus aureus is the most virulent species and the most important pathogen, but the incidence of infections caused by coagulase-negative staphylococci (CoNS) has increased throughout the world (2, 28, 29) . S. epidermidis and other CoNS are common members of the normal flora of skin and mucous membranes and are therefore common contaminants in culture, particularly in blood cultures. A conundrum often exists in the interpretation of cultures that contain these microorganisms, since CoNS have also become an important cause of hospital-acquired infections (5, 9, 21) . It is most important to distinguish between S. aureus and CoNS in clinical samples, given the differences in virulence between these organisms (2, 28, 29) . It is also important, however, to confirm the presence of CoNS given the increasing importance of CoNS infections (27, 33) .
Phenotypic methods have been the standard means of differentiating S. aureus from CoNS and for differentiating the members of CoNS. These methods all require growth of the organisms followed by biochemical testing, are time-consuming, and may still occasionally produce inaccurate results (7, 8, 23, 26) . A variety of genotypic methods have been explored for the rapid detection of S. aureus and/or for the detection and differentiation of CoNS. These methods include the use of traditional in situ hybridization, peptide-nucleic acid in situ hybridization, and a variety of nucleic acid amplification-based methods (1, 3, 11, 13, 17, 18, 22) .
We designed a single broad-range PCR primer set directed toward the tuf gene to amplify the most clinically relevant staphylococci. For this study, PCR products were detected by use of a LightCycler instrument (Roche Diagnostics, Indianapolis, Ind.) and two sets of fluorescence resonance energy transfer (FRET) hybridization probes. The first set of FRET hybridization probes was designed to detect a signature sequence of the Staphylococcus genus, whereas the second set of FRET hybridization probes was designed to specifically detect S. aureus. This assay can detect S. aureus and CoNS simultaneously and can differentiate S. aureus by a postamplification melt curve analysis using the F3 channel of the LightCycler system.
We validated this dual-FRET-probe real-time PCR assay for Staphylococcus with lysates from 138 cultivated bacterial reference strains and well-characterized clinical isolates. In addition, we examined the sediments from 100 positive BacT/ ALERT blood bottles that contained gram-positive cocci in clusters by using this PCR assay according to a previously described simple centrifugation protocol (31) .
MATERIALS AND METHODS
Bacterial strains and DNA preparation. One hundred thirty-eight bacterial strains, most of which are commonly encountered in the clinical microbiology laboratory, were cultivated for 24 to 48 h on 5% sheep blood agar, unless chocolate or another enriched agar was needed for growth. Lysates to obtain template bacterial DNAs were extracted by a rapid boiling procedure as previously described (25) .
The isolates consisted of 41 strains of Staphylococcus, representing at least nine species, and 97 strains of nonstaphylococcal bacteria ( Table 1 ). The bacteria tested were predominantly clinical isolates that were recovered from our facility, although some were type isolates obtained from the American Type Culture Collection (Manassas, Va.). The clinical isolates were identified by routine biochemical methods, many of which included evaluation by use of the Vitek and API systems.
Positive blood culture bottles and DNA preparation. Using our PCR method, we examined sediments from FAN BacT/ALERT blood culture bottles that signaled positive and contained gram-positive cocci in clusters after DNA preparation by a simple centrifugation protocol (31 aureus-specific hybridization probes contained a single mismatch compared with the S. aureus sequence, which was purposefully introduced to diminish probeprobe and probe-primer interactions. There were six or more base pair mismatches between the S. aureus-specific hybridization probes and the non-S. aureus sequences tested. The 3Ј end of the first FRET hybridization probe in each set was labeled with fluorescein isothiocyanate (FITC). The 5Ј end of the acceptor FRET hybridization probe in the set used for the detection of the Staphylococcus genus was labeled with LCRed640, whereas the 5Ј end of the acceptor FRET hybridization probe in the set used for the specific detection of S. aureus was labeled with LCRed705. The positions of the primers and probes given below were derived from the S. aureus sequence (GenBank accession no. AF298796). The sequences of the primers were as follows: forward primer (PanStaphF), 5Ј-CAATGCCACAAACTCG-3Ј (positions 33 to 48); and reverse primer (PanStaphR), 5Ј-GCTTCAGCGTAGTCTA-3Ј (positions 510 to 495). The broad-range Staphylococcus-specific FRET hybridization probe sequences were as follows: PanStaphHP1, 5Ј-ACGGCCTGTAGCAACAGTAC-FITC-3Ј (positions 391 to 372); and PanStaphHP2, 5Ј-LCRed640-CGACCAGTGATTG AGAATACGTCC-phosphate-3Ј (positions 369 to 346). The S. aureus-specific FRET hybridization probe sequences were as follows: SAtufHP1, 5Ј-GGCGAT GCTCAATACGAAGAAAAAATC-FITC-3Ј (positions 239 to 265); and SAtufHP2, 5Ј-LCRed705-AGAATCAATGGAAGCTGTAGATAC-3Ј (positions 268 to 291). All oligonucleotide primers and probes were obtained from BioChem (Salt Lake City, Utah).
LightCycler assays. PCR mixtures consisted of 3.0 mM MgCl 2 , a 1.0 M concentration of each primer, a 0.2 M concentration of each hybridization probe, and 2 l of 10ϫ LightCycler FastStart DNA master hybridization probe mixture (Roche) in a volume of 18 l. Two microliters of template DNA extract was added to the reaction mixture for a final reaction volume of 20 l in each capillary tube. The cycling parameters consisted of a single 95°C incubation for 10 min for enzyme activation and DNA denaturation, followed by 45 PCR amplification cycles consisting of 95°C for 10 s, 61°C for 8 s, and 72°C for 22 s. The FRET-generated fluorescent signals were acquired in the F2 channel of the instrument after the primer annealing phase of 61°C for 1 s. PCR cycling was followed by a postamplification melt curve analysis, wherein the temperature ramped from 40 to 75°C, with a temperature transition rate of 0.35°C/s, and by continuous fluorescence acquisition.
Interpretative criteria. Interpretative criteria were established after assessments of the DNA lysates from the battery of bacteria tested. These criteria were used for the interpretation of PCR results for the positive blood cultures that contained gram-positive cocci in clusters. The presence of an amplification or quantification curve for the LC640 signal captured in the F2 channel of the LightCycler, in conjunction with a melt curve with a melting temperature (T m ) of Ͼ58°C, was considered a positive result for the Staphylococcus genus; the absence of a quantification curve or the presence of a quantification curve but the absence of a corresponding melt curve with a T m of Ͼ58°C was considered a negative result for the Staphylococcus genus. The presence of a melt curve for the LC705 signal captured in the F3 channel of the LightCycler was considered a positive result for S. aureus. The specimen was considered to be negative for S. aureus if this melt curve was absent.
Evaluation of detection limit of LightCycler assays. The minimum detection limit of each assay was evaluated by use of a 10-fold dilution series of a DNA extract from S. aureus. Dilutions were prepared according to spectrophotometric readings taken with a GenQuant Pro instrument (Biochrom Ltd., St. Albans, United Kingdom) to contain 1.0, 1.0 ϫ 10 Ϫ1 , 1.0 ϫ 10 Ϫ2 , 1.0 ϫ 10 Ϫ3 , 1.0 ϫ 10 Ϫ4 , and 1.0 ϫ 10 Ϫ5 g of DNA extract/ml of S. aureus (ATCC 25923). The LightCycler assay was performed with these six dilutions, along with a negative control, according to the same protocol.
RESULTS
An analysis of the bacterial battery demonstrated the specificity of our primers and FRET probes. The broad-range Staphylococcus FRET probes designed to detect that genus generated positive quantification curves for all of the staphylococci tested (Fig. 1a) . The T m s of the staphylococci were all Ͼ58°C (60.50 Ϯ 0.92°C [mean Ϯ standard deviation]) (Fig. 1b) . The S. aureus-specific assay detected only the S. aureus isolates in the battery. The melt curve T m for the S. aureus-specific FRET probes was 55.83 Ϯ 0.11°C (mean Ϯ standard deviation) (Fig. 2) . 
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The detection curve was linear over 5 log, and the slope (r 2 ) value was 1.00. This assay detected the lowest concentration tested, 20 fg of S. aureus DNA template. This detection limit was converted to 6.5 genome copies, as deduced by using the genome size and known GC content of S. aureus.
One hundred consecutive positive blood culture bottle specimens that were tested by this real-time PCR method were shown by conventional culture to consist of 34 bottles that contained S. aureus, 64 that contained a CoNS, and 2 that contained a Micrococcus species. The S. aureus-specific real- The broad-range Staphylococcus FRET probes generated positive quantification curves for all of the staphylococci tested. Three strains of Enterococcus were distinctly negative in this study. (b) Melt peak analysis of broad-range Staphylococcus assay. Enterococcus faecium was not detected in the quantification mode while the melting curve was generated by melt peak analysis. The T m s of the staphylococci were all Ͼ58°C. The T m of E. faecium was distinctively lower than those of the other CoNS.
VOL. 42, 2004 REAL-TIME PCR FOR S. AUREUS AND CoNS 5741
on January 25, 2016 by guest http://jcm.asm.org/ time PCR assay correctly identified all 34 specimens that contained S. aureus. The Staphylococcus genus-specific reaction correctly characterized all 98 specimens that contained staphylococci. The combination of these results afforded the differentiation of S. aureus and CoNS in these specimens. Two specimens that contained a Micrococcus species were appropriately negative in this assay. The sensitivity and specificity of this assay for the detection of S. aureus and CoNS in positive blood culture bottles that contained gram-positive cocci in clusters were 100% and 100%, respectively. There were no blood cultures in this study that contained a mixture of S. aureus and CoNS.
DISCUSSION
Staphylococci are among the most commonly recovered bacteria in the clinical microbiology laboratory and because of skin colonization are the most frequently isolated bacteria in blood cultures. The staphylococci are generally categorized as S. aureus and non-S. aureus or CoNS. The distinction is not merely taxonomic. S. aureus is a more virulent, more clinically significant bacterium than CoNS and is more likely to be associated with abscess formation and more rapidly progressive infections. Although they are less virulent, CoNS may also cause infections, some of which may be life-threatening. For example, S. lugdunensis is a particularly virulent CoNS that in some scenarios may rival S. aureus in its aggressive nature. Practically, however, CoNS are the most common blood culture contaminants in most laboratories, since these organisms colonize the skin.
The Gram stain is commonly used to evaluate blood culture bottles that signal positive for staphylococci, but it cannot distinguish S. aureus from CoNS, both of which appear as gram-positive cocci in clusters. Therefore, genotypic methods have been employed to differentiate S. aureus from CoNS. Most of the genotypic methods described for the detection of S. aureus are specific only for that species of staphylococci and include both in situ hybridization and nucleic acid amplification reactions (22, 31) . For example, a real-time PCR assay used by Shrestha et al. for the rapid detection of S. aureus in blood cultures that signaled positive and contained gram-positive cocci in clusters was 100% accurate in their study but could only categorize PCR-negative blood cultures as negative for S. aureus; they were unable to determine if a CoNS was present (31) . In their study, it could only be assumed that the non-S. aureus reactions were due to CoNS. However, both Micrococcus and Stomatococcus species are occasionally recovered from blood cultures, and a negative PCR may be due to inhibitors of the PCR.
Others have devised more complex assays for the detection of both the Staphylococcus genus and the species S. aureus. For example, Mason et al. developed a multiplex PCR assay that detects a Staphylococcus-specific portion of the 16S rRNA gene, the S. aureus-specific clfA gene, and the mecA gene for methicillin resistance (20) . The interpretation of data from this assay, however, may be complicated by closely related species that have similar or identical 16S rRNA sequences or due to divergent 16S rRNA sequences that may exist within a single organism (10, 32) . Therefore, assays directed toward highly conserved regions of ubiquitous genes, such as the hsp60, sodA, and tuf genes, have been used as alternate targets for PCR (6, 16, 19 clinical laboratory (6, 23a) .
The tuf gene encodes the elongation factor Tu, which is an essential constituent of the bacterial genome. One to three tuf genes per genome are present, depending on the bacterial species. Most gram-positive bacteria that have a low GC content possess only a single tuf gene (12) . Martineau et al. developed a PCR-based assay that targets this gene for the genusand species-specific identification of S. aureus and a variety of CoNS (19) . This assay was highly sensitive and provided specific identification of S. aureus, S. epidermidis, S. haemolyticus, S. hominis, and S. saprophyticus by the use of five hybridization probes. Unfortunately, postamplification analysis was also needed for this assay, and DNA from Enterococcus faecalis gave a weakly positive amplification signal in a 40-cycle PCR in their study. Edwards et al. also described a multiplex real-time PCR assay for the detection and differentiation of CoNS, using multiple primers and four biprobes for identification (4) . Their assay is more complicated than the assay described in the present report and was clearly designed to differentiate CoNS species, not just to detect this group in its entirety. Although it is useful, the species differentiation of the CoNS was not the goal of our assay. In fact, in our clinical microbiology laboratory we rarely identify CoNS to the species level in routine practice.
We aligned the tuf gene sequences available in GenBank (provided by Martineau et al.) and designed broad-range staphylococcal primers that were expected to amplify the members of this genus, particularly the members that are most commonly encountered in the clinical microbiology laboratory. We tested this dual-FRET-probe real-time PCR assay against a battery of DNA preparations from a wide variety of bacteria, most of which are commonly encountered in the clinical setting. Forty-one of the DNA preparations tested were from cultured isolates of staphylococci that represented at least nine species. The remaining DNA preparations were from nonstaphylococcal bacteria, some of which, like Micrococcus, were phylogenetically related to Staphylococcus.
The PCR assay performed well, amplifying all staphylococci. The S. aureus isolates were detected by both the S. aureusspecific FRET hybridization probes and the Staphylococcus genus-specific hybridization probes. The S. aureus component of this assay is considered a "melt-only" assay, since the primer annealing temperature of the PCR is higher than the annealing temperature of the S. aureus-specific hybridization probes. This was done to increase the specificity of the broad-range Staphylococcus primer set. CoNS were detected only with the Staphylococcus genus-specific hybridization probes. As in Martineau et al.'s study, Enterococcus may be weakly amplified with the Staphylococcus genus-specific probes; the melting temperature for Enterococcus, however, was considerably less than 58°C, which allowed for the easy differentiation of Enterococcus from Staphylococcus. Interpretative criteria, which we generated by using a battery of well-characterized bacterial lysates, were applied to 100 positive blood cultures that contained gram-positive cocci in clusters.
All 100 of the blood cultures examined were appropriately categorized as expected. The 34 blood cultures that contained S. aureus were detected with both the S. aureus-specific hybridization probes and the Staphylococcus genus-specific hybridization probes. The 64 blood cultures that contained CoNS were only detected with the Staphylococcus genus-specific hybridization probes. The two blood cultures that contained Micrococcus were appropriately negative in this assay.
We believe that this dual-FRET-probe real-time PCR assay provides several advantages over other PCR assays for S. aureus as well as over those that detect both S. aureus and CoNS. First, this assay not only specifically detects S. aureus but also generates a signal based on the presence of a signature sequence for the genus Staphylococcus. Therefore, in the absence of an S. aureus-specific signal, CoNS can be identified. One limitation would occur if there was a mixture of both S. aureus and a CoNS in the same blood culture bottle, for which the Staphylococcus genus signal would be assumed to be only from the S. aureus that was detected. We believe that this would not represent a significant limitation, since S. aureus would represent the most important pathogen in such a mixture. Second, the presence of both CoNS and S. aureus accounts for the vast majority, 98% in this study, of bacteria that occur in positive blood cultures and appear as gram-positive cocci in clusters. Although this assay does not contain a true internal control, the presence of the Staphylococcus genus signal in the absence of the S. aureus signal helps to assure the user that the amplification reaction occurred and was not inhibited. If the PCR from a blood culture bottle that contained gram-positive cocci in clusters was negative, although inhibition might responsible for such a reaction, the possibility of the presence of bacteria other than Staphylococcus must be considered. This finding could then be considered in conjunction with routine bacteriological findings for a workup of the cultivated bacterium. Finally, unlike some other assays that detect both S. aureus and CoNS, this assay does not require a complex postamplification analysis.
Shrestha et al. calculated the cost-effectiveness of a PCR assay for the preoperative detection of nasal carriage of S. aureus (30) . The high sensitivity of this assay may allow it to be used not just to detect colonization and determine the agent responsible for positive blood cultures that contain gram-positive cocci in clusters, but also for the direct detection of staphylococci from surgical specimens. The use of such technologies for the detection of infections of orthopedic devices, for which CoNS and S. aureus are common pathogens, is of particular interest.
In conclusion, we described here a sensitive and specific dual-FRET-probe real-time PCR assay that employs a single broad-range primer set for the detection and differentiation of S. aureus and CoNS. This assay has been shown to be applicable for the analysis of cultivated bacteria as well as the direct analysis of positive blood culture bottles. Further analysis should include the use of this assay for the direct detection of staphylococci from clinical specimens, such as infections associated with medical devices.
